We devised tubular hybrid medial tissues with mechanical properties similar to those of native arteries, which were composed of bovine smooth muscle cells (SMCs) and type I collagen with minimal reinforce ment with knitted fabric meshes made of synthetic elastomers. Three hybrid medial tissue models that incor porated segmented polyester (mesh A) or polyurethane-nylon (mesh B) meshes were designed: the inner, sandwich, and wrapping models. Hybrid medial tissues were prepared by pouring a cold mixed solution of SMCs and collagen into a tubular glass mold consisting of an inner mandrel and an outer sheath and subse quent thermal gelation, followed by further culture for 7 days. For the inner model, the mandrel was wrapped with a mesh. For the sandwich model, a cylindrically shaped mesh was incorporated into a space between the mandrel and the sheath. The wrapping model was prepared by wrapping a 7-day-incubated nonmesh gel with a mesh. The inner diameter was 3 mm, irrespective of the model, and the length was 2.5-4.0 cm, depending on the model. The intraluminal pressure-external diameter relationship showed that nonmesh and inner models had a very low burst strength below 50 mmHg, while the sandwich model ruptured at around 110-120 mmHg; no rupturing below 240 mmHg was observed for the wrapping model, regardless of the type of mesh used. Compliance values of wrapping and sandwich models were close to those of native arteries. Pressure-dependent distensibility characteristics similar to native arteries were observed for a mesh A wrapping model, whereas a mesh B wrapping model expanded almost linearly as intraluminal pressure increased, which appeared to be due to elasticity of the incorporated mesh. Thus, design criteria for hybrid vascular grafts with appropriate biomechanical matching with host arteries were established. Such hybrid grafts may be mechanically adapted in an arterial system.
INTRODUCTION
Endothelial cell (EC) seeding on luminal surfaces of artificial grafts provides nonthrombogenic potential sim ilar to that of native vessels in the early period after implantation (14, 31, 32) , if the EC monolayer fully cov ering the luminal surface (hybrid intimal tissue) has me chanical strength resistant to hydrodynamic shear stress. Incorporation of smooth muscle cell (SMC)-containing hybrid medial tissue beneath the hybrid intimal tissue layer increased EC stability within the dynamic circula tory environment and enhanced arterial wall regenera tion (25) . When hierarchic structure mimicking that of native arteries is constructed on a synthetic scaffold such as poly(ethylene terephthalate) (Dacron) or expanded poly(tetrafluoroethylene) (ePTFE) graft, such hybrid grafts are apparently noncompliant compared with na tive vessels. It has been reported that compliance mis match, probably causing intimal hyperplasia resulting from migration and excessive proliferation of SMCs in medial tissues, is deleterious to graft patency, especially in the chronic phase after implantation (4, 8) .
On the other hand, the technology for various species of hybrid tissues was developed by incorporation of via ble cells in three-dimensional extracellular matrices such as collagen gels. These include skin (5) , corneas (23) , vessels (19) (20) (21) 26, 36) , muscle (28, 29) , and ligaments (17) . A vascular tissue equivalent can be prepared with out a synthetic scaffold by thermal gelation of a SMCincorporating collagenous solution and subsequent selfassembling upon culture, followed by EC monolayering at the luminal surface of the tubular hybrid tissue. A cell-incorporated tubular collagen gel thus prepared was very flexible but fragile. Therefore, such a hybrid vascu lar tissue could not be used in an arterial system but rather as a venous substitute in low-pressure regions of the circulatory system (15, 16) .
grafts, we devised hybrid medial tissues minimally sup ported with elastomeric meshes to fabricate a hybrid graft with both sufficient mechanical strength to with stand pulsatile stress and compliance matching with host arteries. The tubular hybrid medial tissues composed of SMCs and collagen were reinforced with knitted fabric meshes made of synthetic elastomers. The intraluminal pressure-external diameter relationship of such hybrid tissues was determined, and the significance of biomechanical design for compliant hybrid grafts is proposed and discussed.
MATERIALS AND METHODS

Harvesting and Culture of SMCs
SMCs were harvested from the media of bovine aorta by an explant method as described in our previous arti cle (19) 
Fabrication of Hybrid Medial Tissues
The fabrication processes of hybrid medial tissues composed of SMCs and collagen with or without meshes are shown in Figure 1 . 
Light Microscopic Observation
Hybrid tissues were fixed with 1 % glutaraldehyde in , prepared by the same suturing technique, was wetted with a culture medium and frozen to keep its cylindrical shape. The rigid tubular mesh thus prepared was placed between a mandrel and a sheath before pouring the cold mixed solution. 1: pouring of a SMCs/collagen mixed solution. 2: incubation at pH 7.4, 37°C for 30 min. 3: 7-day incubation after removal of the sheath.
Elastic Properties and Structure of Meshes
Tensile measurement of meshes was performed on 1 x 1-cm 2 specimens using a rheometer (RE-3305, YAMADEN Co., Ltd., Tokyo, Japan). These specimens were subjected to continually elevating tensile load us ing a clamp at the traction rate of 0.5 mm/s in their circumferential direction when they were incorporated into tubular gels until tearing. Data analysis was carried out for the relationship between stress and extension ra tio. The extension ratio is the ratio of the specimen length under each tensile load to the initial stress-free length (1 cm). The stress is the nominal stress, which is calculated by dividing the generated tension by the cross-sectional area of each mesh.
Specimens of each mesh, which were stretched up to the extension ratios corresponding to those of the wrap ping model at the intraluminal pressure of 0, 100, and 200 mmHg, respectively, were observed under a scan ning electron microscope (SEM). Each specimen, moun ted on a specimen stage and plasma coated with osmium (APC-120, Meiwa, Osaka, Japan), was observed using a SEM (JSM-6301F, JEOL Ltd., Tokyo, Japan).
Stiffness Parameter
The compliance of mesh-reinforced hybrid grafts was evaluated from the stiffness parameter (P), which is ex 
RESULTS
Fabrication of Hybrid Medial Tissues
Procedures and molds to fabricate four types of hy brid medial tissues are illustrated in Figure 1 . 2B ). The wrapping model was prepared by wrapping a 7-day-incubated nonmesh gel with a mesh ( Fig. 2E ). In the sandwich model, a mesh was incorporated into a gel during the gelation process ( Fig. 2C ) and the mesh-in corporated tubular gel was further cultured (Fig. 2D ).
The inner diameter of these tubular hybrid gels was 3 mm, irrespective of the model, and the length was 2. burst strengths of four different types of models, which were defined as the intraluminal pressure at the onset of the burst. Nonmesh and inner models were ruptured at about 40 and 20 mmHg, respectively. The intraluminal pressure-external diameter relationship of the sandwich model (external diameter: 6.1-6.6 mm) is shown in Fig  ure 4 . Regardless of the type of mesh used, the grafts largely expanded in the low-pressure range up to 40-50 mmHg, but tended to be less extensible in the higher pressure range. The sandwich model was ruptured at 110-120 mmHg, regardless of the type of mesh used.
The intraluminal pressure-external diameter relationship of the wrapping model (external diameter: 3.6-4.7 mm) is shown in Figure 5a . Mesh A grafts expanded more at lower pressures than at relatively high pressures, at which the pressure-diameter relationship, called a Jcurve, resembled that of native vessels, as discussed later (37) . On the other hand, mesh B grafts expanded linearly with increasing intraluminal pressure. No rup turing was observed even at 240 mmHg, which was the maximum applied pressure in this study, for the wrap ping model regardless of the type of mesh used.
-i
External Diameter (mm) The stress-strain relation of both types of mesh, which were stretched in the circumferential direction when they were incorporated into a tubular gel, was measured (Fig. 6) . For a mesh A, stress increased expo nentially with the extension ratio, whereas for a mesh B, stress appeared to increase linearly with the extension ratio.
Morphological changes of the meshes, stretched at the extension ratios determined from the intraluminal pressures of 0, 100, and 200 mmHg in Figure 5b , were observed under a SEM (Fig. 7) . In mesh A, at extension ratios of 1.10 at 100 mmHg and 1.15 at 200 mmHg, the interspace distance between bundles increased markedly with an increase in pressure from 0 to 100 mmHg, but only a slight further increase was observed at the higher extension ratio on increasing the pressure to 200 mmHg. On the other hand, in mesh B, where bundles of seg mented polyurethane fibers were tied with nylon string, expanded at the extension ratios of 1.26 at 100 mmHg and 1.44 at 200 mmHg, the interspace distance between bundles increased with increasing intraluminal pressure.
When the logarithm of the normalized intraluminal pressure, ln(P/P s ), where the standard pressure was set at 100 mmHg, was plotted against the normalized external diameter, D/D s (Fig. 8) , a fairly good linear relationship was observed in the physiological pressure range of 60-160 mmHg. The stiffness parameter [3 was determined according to eq. (1) ( Table 2 ). The P values were ap proximately 18 for the mesh A wrapping model and 5-6 for the mesh B wrapping model. The P values of the sandwich model were about 8-9, regardless of the type of mesh used. SMCs (10, 20, 21, 33, 34) . For example, studies on the ef fect of cyclic strain on ECs have revealed that produc tion of nitric oxide (NO) synthesized from ECs, which is a potent endogeneous vasodilator, an antithrombotic agent, and a growth inhibitor of SMCs, is enhanced by cyclic strain, which is generated under a pulsatile flow condition in vivo (2, 30) . Our previous studies have shown that SMC-incorporated hybrid vascular grafts in duced phenotypic reversion of SMCs from the synthetic to the contractile state with the duration of implantation period (21) , and a relatively compliant artificial polyurethane graft accelerated neoarterial regeneration with lit tle intimal hyperplasia (9) .
DISCUSSION
Because synthetic vascular prostheses are inherently thrombogenic, endothelialization on synthetic vascular prostheses prior to implantation has been recognized as a very promising approach (14). Once the functional in tegrity of endothelial linings is achieved, nonthrombogenic potential is guaranteed in the early period after implantation (31). Thus, the concept of graft endothelial ization has been well supported by high patency rates (32,39). Our previous study has shown that subendothelial supportive tissue in sustaining endothelial linings is quite beneficial for vital functioning hybrid artificial grafts. That is, an incorporation of subendothelial SMC layers into EC-seeded grafts not only provides high hydrodynamic stability of EC monolayer but also acceler ates neoarterial wall regeneration without pathological thickening (25). In addition, normal wound healing or morphogenesis has been accelerated by incorporation of biomechanical considerations into the design of vascular prostheses, as described below. The significance of compliance, which is considered as a possible determinant for the fate of implanted artifi cial grafts in the chronic phase after implantation, has been controversial for almost two decades (3,18). Intimal hyperplasia is a complicated phenomenon influ enced by many factors. It is very difficult for us to study the direct and sole effect of compliance match on intimal hyperplasia by minimizing possible confounding factors. An in vivo implantation study in canine models has shown that compliance mismatch between host arteries and commercially available grafts adveresely affects graft patency; that is, the higher compliance is, the higher patency is (1). On the other hand, it has also been reported that there is no statistical difference in hostarterial intimal hyperplasia at the anastomotic interface (38). Theoretical and in vitro experimental studies have shown that compliance mismatch with native arteries produces two major undesirable effects: disturbed local hemodynamics in the vascular prostheses (22) and in creased stress in the vicinity of the anastomosis of native arteries (7). The former has been recognized as a major cause of thrombus formation in synthetic grafts, and the latter causes tissue damage in native arteries, which pro duces intimal hyperplasia. On the other hand, recent studies on cellular mechanics have shown that periodi cally applied mechanical stress serves as an important regulator of the morphology and function of ECs and
Although compliance matching within the physiolog ical pressure range (between 60 and 160 mmHg) must be considered a major biomechanical determinant of de signed vascular grafts, pressure-dependent distensibility (37) over low-and high-pressure ranges, simulating that 250-| Extension Ratio (k) Figure 6 . Stress-extension ratio curve of each mesh in the circumferen tial direction when the mesh was incorporated into a tubular hybrid tis sue. A (mesh A): stress increased exponentially with increasing exten sion ratio (solid line). B (mesh B): stress increase linearly with increasing extension ratio (dotted line).
of native arteries, has not yet been achieved with any synthetic graft. In native arteries, high distensibility in the low-pressure range (up to approximately 40-50 mmHg) gradually reduced distensibility in the physio logical pressure range, and significantly further reduced distensibility in the higher pressure range (over 180 mmHg) is observed. This "J-curve" in the intraluminal pressure-external diameter relationship is characteristic of native arteries. On the other hand, commercially available synthetic vascular prostheses are rigid and noncompliant. Little pressure-dependent inflation is re alized. Hybrid vascular grafts, which were fabricated to form a tubular collagenous gel embedded with SMCs, could not be tolerated in an arterial system, although self-assembling of a densely packed collagenous tube occurred with the passing of the incubation time (16) .
On the other hand, L'Heureux et al. (24) have produced a tissue-engineered blood vessel composed exclusively of human cells and self-synthesized extracellular matrix without synthetic or exogenous biological material, which was prepared by more than 8 weeks of culturing and a well-designed wrapping technique. Such a tissueengineered vessel withstood supraphysiological pressure but the vessel was much less compliant than a human saphenous vein because it was optimized for strength.
In this study, in order to improve burst strength of hybrid tissues based on collagen gel while maintaining the high tissue regeneration capability inherent to hybrid grafts, we devised hybrid grafts minimally reinforced with knitted fabric meshes made of synthetic elastomers.
The results are summerized as follows.
1. Among the three models reinforced with meshes, the largest burst strength was observed for the wrapping model, followed by the sandwich model. The small est burst strength was observed-for the inner model, with a value similar to that of the nonmesh model.
Incorporation of the meshes at the outer layer of a hybrid tube apparently helped increase resistance to tearing or burst stresses applied by pressure. There was little difference in burst strength between the type of mesh used. (5, which was determined from Figure 5b , denotes the extension ratio in the direction of stretching at the intraluminal pressure of 100 or 200 mmHg. In a mesh A composed of a fabric of a bundle of polyester fibers, the interspace distance between bundles increased markedly with an increase in pressure from 0 to 100 mmHg, but only a slight increase was observed at the higher extension ratio on increasing the pressure to 200 mmHg. On the other hand, in a mesh B, where bundles of segmented polyurethane fibers were tied with nylon string, the interspace distance between bundles increased with increasing intraluminal pressure. Bar = 200 um.
were very close to that of human femoral artery (fl: 19.8 (13) .] 3. As for the intraluminal pressure-external diameter re lationship over low-and high-pressure ranges, as shown in Figure 5 , a J-curve was obtained for the mesh A wrapping model, in which pronounced tran sitions of the pressure-external diameter curves were observed at approximately 40-50 mmHg and at ap proximately 180 mmHg. This pattern appears to be close to muscular arteries such as the femoral artery.
The mesh B sandwich model did not have such a sharp transition and exhibited a gradual decrease in distensibility as pressure was increased. This ten dency resembles elastic arteries such as the common carotid artery. Excessive compliance observed in the mesh B wrapping model at higher pressure ranges may cause postoperative dilatation of the graft (6, 27) . Therefore, it is considered that pressure-dependent properties of hybrid grafts are derived from mechani cal properties of the incorporated mesh, which are determined by its composition and morphology. As clearly shown in Figure 6 , mesh A had less distensi bility than mesh B. This caused the difference in the intraluminal pressure-external diameter relationship between two mesh models. This study leads us to the conclusion that by using a knitted fabric mesh with an appropriate elastic property, we can design a hybrid graft with an appropriate intra luminal pressure-external diameter relationship, provid ing biomechanical matching with arteries to be replaced with the hybrid graft. That is, native arteries appear to have a transition point in the intraluminal pressure-ex ternal diameter relationship adapting to their physiologi cal environments. For example, common carotid arter ies, which are elastic arteries and therefore possess distensibility and elasticity as a pressure reservoir, do not have a clear transition (11, 37) . Femoral arteries have a clear transition point at approximately 40-50 mmHg (11) . The transition point of coronary arteries, whose flow is mainly provided during the diastolic phase, is lower than that of femoral arteries (12). These charac teristic features must be realized by appropriate mesh choice.
D/Ds
Thus, incorporation of the biomechanical design cri teria described in this study may eventually create com pliance matching during the systolic/diastolic cycle, which may contribute to neoarterial regeneration with- 
